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/Abstract: It has recently been demonstrated that mineral
self-assembled structures catalyzing prebiotic chemical reac-
tions may form in natural waters derived from serpentiniza-
tion, a geological process widespread in the early stages of
Earth-like planets. We have synthesized self-assembled mem-
branes by mixing microdrops of metal solutions with alkaline
silicate solutions in the presence of formamide (NH,CHO), a
single-carbon molecule, at 80 °C. We found that these bilayer
membranes, made of amorphous silica and metal oxide/hy-
droxide nanocrystals, catalyze the condensation of form-

N

amide, yielding the four nucleobases of RNA, three amino
acids and, several carboxylic acids in a single-pot experi-
ment. Besides manganese, iron and magnesium, two abun-
dant elements in the earliest Earth crust that are key in ser-
pentinization reactions, are enough to produce all these bio-
chemical compounds. These results suggest that the transi-
tion from inorganic geochemistry to prebiotic organic
chemistry is common on a universal scale and, most proba-
bly, occurred earlier than ever thought for our planet.

/

Introduction

It has long been thought that minerals have a significant cata-
lytic role in the synthesis of life’s building blocks." Pioneering
work successfully demonstrated the formation of amino acids,
nucleobases, and other molecular bricks of life from simple or-
ganic molecules, with hydrogen cyanide (HCN) being the pre-
cursor compound most used in prebiotic chemistry experi-
ments so far.*"® Among the alternatives to HCN that meet the
prebiotic requirements of stability and reactivity, formamide
(NH,CHO), a single-carbon organic molecule, has been proven
to be very successful both in terms of the variety of relevant
molecules synthesized and in yield. For instance, formamide
has been demonstrated to condense into carboxylic acids, sev-
eral amino acids, as well as into purines and pyrimidines.”®
The condensation reaction is catalyzed by temperature, by sev-
eral minerals, and by high-energy proton irradiation.”” Form-
amide is present in a variety of star-forming environments,' ™"
and it has also been found on several comets of the solar
system.'>"¥ |n fact, formamide appears to be a critical interme-
diary in Miller-type reactions."
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No matter the route, whether HCN or NH,CHO, in addition
to minerals, the geological niche(s) for prebiotic chemistry
needs to be fed with molecular hydrogen, carbon, and nitro-
gen, within a reduced or anoxic environment where the forma-
tion of stable organic molecules can thrive towards complexity.
The most efficient reaction providing these molecular com-
pounds and the proper physicochemical environment is the in-
teraction of water with olivine minerals, the so-called
serpentinization reaction.">'® Serpentinization, along with the
Sabatier reaction and Fischer-Tropsch-type reactions, is the
most productive chemical scenario for the synthesis of organic
molecules. It is a scenario in which mineral/organic chemistry
works today in a few specific geological sites but it is thought
to have been working on a global scale during the early Earth
at Hadean times. It is also a scenario where that singular
chemistry plays and has been playing beyond the Earth, at
least in Earth-like planets, moons, and interstellar dust, where
formamide is fully available. Interestingly, serpentinization envi-
ronments may form alkaline waters rich in silica. It has been
experimentally demonstrated that these alkaline waters induce
the growth of self-assembled mineral structures,"” including
silica/carbonate biomorphs mimicking the morphology of
primitive organisms, calcium carbonate mesocrystals similar to
those formed in biominerals, and silica metal oxy/hydroxide bi-
layer membranes, also known as silica gardens, with interest-
ing catalytic properties."®*?” We have synthesized these miner-
al membranes in alkaline silica-rich solutions similar to those
deriving from serpentinization reactions in the presence of
formamide at 80 °C. Rather than pellets of salts used in classical
silica garden experiments, we used microdrops of solutions of
different soluble metal salts, thus mimicking a more realistic
geochemical environment. We show that the four nucleobases
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of RNA, three amino acids, and several carboxylic acids rele-
vant to key metabolic cycles, can be obtained in a robust and
simple one-pot reaction even in the absence of radiation.

Results and Discussion

The experiments to explore the formation of membranes by
using microdrops were performed with solutions of FeCl,,
FeCl;, and MnCl,. The formation of membranes was observed
at pH as low as 104 and silica concentration of 0.75 molL™'
(Figure 1A). Upon mixing the microdrops of the salt solution
with the silicate solution, a metal-silica membrane is formed
surrounding the drop. The initial microdrops expand as a
result of osmotic forces until reaching a critical size beyond
which they break, releasing the inner metal-rich acidic content
into the alkaline silicate solution (Figure 1B, and Video S1 in
the Supporting Information). The jet of solution arising from
the breaking point creates a new tubular structure that grows
into the silicate solution, eventually breaking and forming new
tubular membranes. The complexity of the tubular structure
and the degree of breaking depends on the concentration and
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viscosity of the salt and silicate solutions. The lower the pH
and the silica concentration, the larger the degree of disrup-
tion of the membrane. This behavior, which was observed for
all the tested salts, ensures that formamide, initially located in
the alkaline silica solution, enters also into contact with the
metal-rich solution during the formation of the silica/metal
membrane. This allows the catalysis of the condensation of
formamide by the inner side of the membrane, made of metal
oxide/hydroxide nanoparticles, and by the outer part of the
membrane made of porous silica.?"*? The growth of the struc-
tures is visible for several minutes but the chemical reaction is
known to last for several hours."® Therefore, unlike previous
experiments in which passive membranes were used, the con-
densation of formamide occurs while the reaction leading to
the formation of the membranes is active.

Accordingly, to optimize the catalysis in the formamide ex-
periments, we selected a low silica concentration (1.65 molL™")
and pH (11.5). The condensation experiments were performed
by pouring drops of the saturated solutions of the appropriate
metal salt [ZnCl,,  FeCl,,4H,0, CuCl,2H,0, MnCl,,
Fe,(50,);:9H,0, Cu(NO,),, and MgSO,] to sodium silicate con-
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Figure 1. A) Screening of experimental conditions yielding metal-silica membranes. The red dot indicates the selected conditions for formamide condensation

experiments. B) Frames of a time sequence of Fe?* and Fe*"

sence of formamide. Video S4 and Video S5 describing the Fe’" and Fe*

membranes from Video S1 and Video S2 (in the Supporting Information, #1) recorded in the ab-
membranes growth in the presence of formamide are in the Supporting Informa-

tion, #1. Scale bar: 250 microns. C) X-ray diffraction patterns of Fe?", Fe**, and Mn’>" membranes made with pellets and drops of the corresponding metals

chlorides in the absence of formamide.
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taining 10% (v/v) of NH,CHO at room temperature. At the end
of the reaction, the gel and the membrane were mechanically
ground with a spatula in the presence of formamide (500 pL)
to extract the products. Then, the residue was filtered and
washed again with formamide (500 pL), and the solution dis-
tilled. The experiments were reproduced three times. The
products were analyzed by gas chromatography-mass spec-
trometry (GC-MS) after formation of the corresponding trime-
thylsilyl ethers (TMS). GC-MS chromatograms are reported in
the Supporting Information, #2. The analysis was limited to
products >1ngmL~', and the yield was calculated as milli-
grams of product per milliliter of starting NH,CHO. The results
of the experiments are shown in Figure 2 and Table 1. The re-
action of formamide (10% v/v) with sodium silicate solution
(pH 12) without inorganic membranes afforded only pyruvic
acid 13, lactic acid 14, guanidine 22, and urea 23, in trace or
very low amounts (micrograms).?”

As a general trend, we observed the formation of a large
panel of compounds of biological relevance, including nucleo-
bases and their analogues, carboxylic acids, amino acids, and
low molecular weight intermediates (Figure 2). The values and
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the peak abundances of products and the original m/z frag-
mentation spectra are in the Supporting Information, #3 and
#4, respectively.

Nucleobases

The complete set of nucleobases of RNA [adenine (2), uracil
(3), cytosine (4), and guanine (6)] and some nucleobase ana-
logues, isocytosine (5), 4(3H)-pyrimidinone (7), and hypoxan-
thine (12), which are of relevance in the context of the origin
of life and of chemiomimesis, > were obtained (Table 1).
Purine (11), 6-hydroxy-2,4-diaminopyrimidine (8), 5-carboxy-
2,4-diaminopyrimidine (9), and 3,5-diamino-1,2,4-triazole (10)
were also detected in appreciable amounts. The mechanism of
formation of nucleobases from NH,CHO is reviewed,”® with
guanidine (22), urea (23), and diaminomalonitrile (24) being
well-known key intermediates in the synthesis of both purine
and pyrimidine derivatives.

ZnCl, and MnCl, provided only guanine 6, and CuCl, only
uracil 3. However, Fe,(S0,);-9H,0, MgSO,, and CuN,O, afforded
the complete panel of natural nucleobases 2-4 and 6. As for
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Figure 2. Schematic representation of products obtained during the thermal condensation of formamide and water in the presence of mineral vesicles. The
products are classified on the basis of their biological role: nucleobases and heterocycles, acids, amino acids, and condensing agents.
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Table 1. Products obtained by thermal condensation of NH,CHO in the presence of active silica metal oxide/hydroxide membranes.”
Product® ZnCl, FeCl, Cudl, MnCl, Fe,(SO.); MgSO, Cu(NO,),
adenine - - - - 1.20 0.62 0.43
(2) (0.01) (0.01) (traces)
uracil - - 3.85 - 0.27 435 0.09
3) (3.8) (0.22) (0.23) )
cytosine - traces - traces 1.69 4.9 0.5
(4) =) ) (0.18) (0.15) (=)
isocytosine 0.06 traces - - 8.63 0.55 0.05
(5) ) =) (0.11) =) =)
guanine 0.02 - - 1.12 0.02 0.03 0.04
(6)
4(3H)-pyrimidinone traces - - 1.33 35 745 0.27
(7) ) (0.3) (traces) (traces) (0.05)
6(OH)-2,4-DAP - - 0.12 0.83 - - -
(8) (0.06)
2,4-DAP-5COOH 6.7x10°° - - 3.65 0.45 34 3.08
9) ) =) (traces) (traces) (0.14)
triazole 0.23 - 0.05 - 0.39 1.13 -
(10) (=) =) ) =)
purine 4.65 0.01 0.02 - 0.38 0.05 traces
(11 ) (=) =) =) =) (=)
hypoxanthine - - - - 1.68 0.75 -
(12) =)
pyruvic acid 35%x10°* 0.01 traces 2.60 0.08 0.91 0.37
(13) (0.01) ) (0.07) (0.71) (0.28)
lactic acid 0.14 0.81 2.85 - 1.65 - 0.01
(14) (0.15) (0.63) (=) (0.21) =)
oxalic acid 0.05 0.21 0.32 0.5 0.85 0.50 2.75
(15) (2.8x107%) (0.18) (0.10) (=) (0.38) (0.12) (=)
succinic acid 86x10°° - 1.15 0.31 0.23 0.95 1.65
(16) ) (0.16) (=) (0.21) (0.24) (0.18)
oxaloacetic - 2.3 3.05 1.19 0.16 0.22 0.25
(17) =) =) =) (=)
parabanic 0.03 - - 1.35 0.17 0.05 0.95
(18) (=) =) =) ) (0.9
N-formylgly - - - traces 1.67 1.21 0.12
(19) ) (9.0x107%) ) =)
glycine - - traces - 0.62 0.68 (0.53) 0.04
(20) ) (0.57) )
alanine 0.07 traces - - 0.03 0.02 traces
(21) ) ) ) ) )
guanidine 0.03 - - - 0.04 0.03 0.8
(22) (52%x107%) ) ) (0.67)
urea 7.4x107° - 2.5 0.21 0.58 0.18 -
(23) (2.0x1073) (2.6) (5.0x1073) (0.02) (=)
DAMN - - - 1.125 traces traces 0.04
(24) ) ) ) )
glycol aldehyde dimer 26x1073 - 0.02 traces traces traces -
(25) ) ) ) ) )
[a] The yield is reported as amount (mg) of isolated products. The data are the mean values of three experiments with standard deviations of less than
0.1%. [b] Values in parentheses refer to results obtained in the presence of preformed metal silicate membranes under similar experimental conditions.
[c] The reaction of formamide (10% v/v) with sodium silicate solution (pH 12) without inorganic membranes afforded only pyruvic acid 13, lactic acid 14,
guanidine 22, and urea 23, in traces or in very low amount (micrograms).”

the order of reactivity, MgSO, afforded the highest total
amount of nucleobases (9.9 mg), followed by Fe,(SO,);-9H,0
(3.18 mg) and Cu(NO,), (1.06 mg). Remarkably, the four nucleo-
bases are here obtained in a one-pot reaction and in a synthet-
ic set-up fed only by thermal energy. This observation is unpre-
cedented.

Previous studies have reported the prebiotic synthesis of
guanine®??®¥ by using UV or proton irradiated solutions, but
this is the first time the complete set of four RNA nucleobases
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are obtained under thermal conditions alone. According to
data previously described,” adenine 2 and guanine 6 are pro-
duced from NH,CHO by the same reaction pathway. This in-
cludes the initial formation of the HCN tetramer diaminoma-
leonitrile (DAMN), the cyclization to aminoimidazole carboni-
trile (AICN), and the closure of the pyrimidine ring (by further
addition of NH,CHO and ammonia). The fact that different cat-
alysts yield the same products hints at the robustness of form-
amide chemistry.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Carboxylic acids are key intermediates of numerous process-
es and metabolic cycles required in the cell for the production
of energy and for the biosynthesis of primary and secondary
metabolites. Mineral vesicles afforded six carboxylic acids in-
cluding pyruvic acid (13), lactic acid (14), oxalic acid (15), suc-
cinic acid (16), oxaloacetic acid (17), and parabanic acid (18)
(Figure 2, Table 1). In terms of biological relevance, oxalic acid
and lactic acid are involved in the glyoxylate cycle,”” in the
Cori cycle, and in gluconeogenesis,®” whereas pyruvic acid,
succinic acid, and oxaloacetic acid are intermediates of the
citric acid cycle [tricarboxylic acid cycle or Krebs cycle (KC)],
one of the most ancient processes in cell metabolism. The KC
is, in its reversed version, a prebiotic device for the production
of energy and organics in the carbon-oxide-rich primitive at-
mosphere.®" The formation of carboxylic acids 13-17 has
been previously explained by the oligomerization of DAMN
(actually detected in the reaction mixture), followed by hydro-
lysis and successive redox processes.*? Parabanic acid 18 is a
product of the degradation of both purine and pyrimidine nu-
cleobases.®**¥ All salts were effective catalysts for the produc-
tion of carboxylic acids. In addition to CuCl,, Fe,(SO,);9H,0
and Cu(NO;), were the best catalysts.

Amino acids

The formation of three amino acids—glycine (20), alanine (21),
and N-formylglycine (19)—was observed. Amino acids are
probably synthesized through a Strecker-like mechanism
(Strecker-cyanohydrin), in accordance with the recent theoreti-
cal observations on the key role of NH,CHO in the Miller-Urey
synthesis of amino acids (14). N-Formylglycine 19 is produced
from 20 by a NH,CHO-based formylation process involving “in
situ” generated carbodiimide (not isolated in this case), guani-
dine 22, and urea 23.°*' Amino acids were synthesized (with
the sole exception of alanine) only in the presence of
Fe,(SO,);:9H,0, Cu(NO;),, and MgSO,, with the iron salt being
the most reactive catalyst.

These results show the higher reactivity of the silica metal
oxyhydroxide membranes of the mineral vesicles when com-
pared with the data previously obtained by using preformed
metal silicate membranes prepared with classical silica garden
experiments.”” For an equal amount of salt, both the yield
and the variety of synthesized products are enhanced: gua-
nine, hypoxanthine, oxaloacetic acid, and alanine have been
obtained by using only active mineral vesicles (Table 1). In clas-
sical chemical garden experiments, previously grown mem-
branes were added to the acidic and alkaline solutions, mim-
icking the inner and outer solutions.”™ Different panels of
products were observed for the experiments, with carboxylic
acids prevailing in the experiment with tubular structures
within the outside solutions, whereas nucleobases prevailed
for the inside solutions. During the formation of the mineral
vesicles, NH,CHO experiences successively two different reac-
tion environments, that is, the internal acidic metal-rich and
the external alkaline silicate-rich solution, with the reaction
products of the inner part of the membrane being released
into the bulk of the solution upon the breaking of the mem-
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brane. Moreover, NH,CHO condensation occurs during the for-
mation of the membrane, thus benefiting from the ionic ex-
change and electric field processes."® However, the most im-
portant factor explaining the better yield of the active micro-
drops experiments is the lower crystallinity of the metal oxide/
hydroxide phases found in microdrop-driven experiments with
respect to silica gardens made with pellets (Figure 1C). Al-
though the yield obtained with microdrops is notably high, it
must be considered that they were obtained in the absence of
irradiation. The irradiation of these experiments with protons
or ultraviolet light is expected to enhance the yield and in-
crease the number of biochemically relevant molecules. The
study of the effect of UV radiation will be particularly interest-
ing because iron/silica precipitates are supposed to screen
it.BG]

As shown in Table 1, the best catalysts for the NH,CHO con-
densation among the different salts tested are Fe,(SO,);-9H,0
and MgSO, (Table 1). Iron and magnesium are the two cations
in the mineral composition of olivine, and they are also found
in pyroxenes. Olivine and pyroxene are the main rock-forming
minerals of the ultramafic and komaititic crust of the earliest
Earth. The serpentinization reaction taking place when these
minerals interact with water”™ is responsible for most of the
compounds produced abiotically on the planet. Consequently,
those geological sites where serpentinization is occurring are
considered among the most likely niches for the transition
from inorganic to organic geochemistry, and perhaps for the
emergence of life. Along with Mn and Cu, the oxyhydroxides
of these four metals account for the four nucleobases of the
RNA and three amino acids obtained by condensation of
NH,CHO.

Conclusions

We conclude that the four nucleobases required for RNA syn-
thesis, three amino acids (glycine, alanine, and N-formyl gly-
cine), and six carboxylic acids can be synthesized from form-
amide in a single geochemical scenario at 80 °C, without irradi-
ation. The condensation of formamide is catalyzed during the
formation of silica oxyhydroxide membranes of iron, magnesi-
um, manganese, and copper—common metals in the ultramaf-
ic and komaititic rocks of the earliest crust of the planet—as
clearly highlighted by the comparison with the reaction per-
formed in the absence of mineral vesicles. These membranes
have been demonstrated to form within alkaline waters de-
rived from the serpentinization reaction,”” a common phe-
nomenon on primitive Earth, and in Earth-like planets and
moons. It is reasonable that the enhanced catalytic properties
of the mineral vesicles obtained with microdrops with respect
to silica gardens might be due their smaller size (and conse-
quent higher surface area), and to the fact that they are active-
ly formed during formamide condensation. Our results suggest
that the conditions required for the synthesis of the molecular
bricks from which life self-assembles, rather than being local
and bizarre, appear to be universal and geologically conven-
tional.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Preparation of silica-metal oxide mineral vesicles with
microdrops

The synthesis of mineral vesicles by using drops instead of solid
pellets of the acidic salt has been investigated by a) pouring and
b) injecting drops of saturated solutions of FeCl; [>97 % Sigma-Al-
drich, pH0.68(3)], FeCl, (>99% Sigma-Aldrich, pH1.5), and
MnCl,»4H,0 [ACS reagent >98% Sigma-Aldrich, pH 2.06(5)] on
and into sodium silicate solutions. Screening of the three main var-
iables, namely silica concentration, pH of the silicate solution, and
the volume of the iron solution drop (Figure 1), was performed.
The pH values tested range from 10 to 14. The SiO, concentration
ranges from 0.75 to 7.75 molL™". The formation of membranes sep-
arating an inner metal-rich solution from the outer silica-rich solu-
tion depends on the concentration of silica and on pH (Figure 1).
At high silica concentration and low pH, the gelling of the silica so-
lution precludes the formation of the mineral membranes. As
shown in Figure 1A, in all the other conditions tested (black dots)
we observed the formation of membranes. The formation of silica
metal oxide/hydroxide membranes was video-recorded by using a
Nikon AZ10 microscope and a Nikon DSFi1 camera (Figure 1B). Vid-
eos S1-56 describing the growth of membranes in the presence or
in the absence of formamide, in the case of different salts, are in
the Supporting Information, #1. The pH was measured with a pH
electrode (Mettler Toledo InLab Expert Pro_15M, tip diameter:
3 mm), and a laboratory pH meter (Eutech Instruments pH 510).
The precipitating membranes were analyzed by X-ray powder dif-
fraction in the absence of formamide. They were first harvested
and rinsed thoroughly with water and ethanol. They were dried
and ground to fine powder. Powder diffraction measurements
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were performed with a PANalytical X'Pert diffractometer operating
at a wavelength of 1.54 A (Cuy, radiation). The measured 26 range
was chosen as 10-90° in steps of 0.02°. The integration time per
step was set to 22 s. Assignment and identification of detected re-
flexes to crystalline matter was accomplished by using the refer-
ence library of the X'Pert HighScore Plus-PDF2. The occurring
phases of FeCl; include lepidocrocite y-FeO(OH) and goethite a-
FeO(OH). In the case of FeCl,, the phases identified were akagaen-
ite f-FeO(OH) and maghemite y-Fe,0;. For MnCl, membranes, the
identified phases were hausmannite Mn;O, and kempite
Mn,CI(OH);. The crystallinity of the mineral vesicles formed by mi-
crodrops is lower compared with the ones made with solid pellets,
as seen from X-ray diffraction study (Figure 1C).

Thermal condensation of formamide

Formamide (Fluka, >99%) was used without further purification.
Fresh commercial sodium silicate solution (Sigma-Aldrich, reagent
grade, containing about 13.8 wt% Na and 12.5 wt% Si) was used
as the silica source after 1:4 (v/v) dilution with Millipore water. Typi-
cally, 1.8 mL of this sodium silicate solution was mixed with 200 uL
of formamide. The presence of formamide did not change the pH
of the alkaline silicate solution but it accelerated the gelling pro-
cess. Before gelling, 10 microdrops (5uL each) of the saturated so-
lution of the metal salts were added by pouring. We tested ZnCl,,
FeCl,4H,0, CuCl,-2H,0, MnCl, Fe,(S0,)9H,0, CuN,O, and
MgSO,. Microdrops were observed to expand immediately and the
reaction mixture was heated at 80°C for 24 h. After some hours
(4-8 h, depending on the nature of the salt), a low-density gel ap-
peared and the reaction products were recovered by the following
procedure: a) the gel and the membrane were broken off with a
spatula with addition of formamide (500 pL); b) filtration of the in-

Table 2. Mass-to-charge ratio (m/z) value and the abundance of mass spectra peaks of compounds (2-25).

purine® (11) 192 (100) [M1, 177 (100) [M—CH;]

N-formylglycine®™ (19)
glycine® (20)
alanine'? (21)
guanidine' (22)
urea (23)

DAMNY (24) 252 (5) [M], 153 (18) [M—Si(CH5),
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Products® m/z (%)

adenine! (2) 279 (27) [M1, 264 (100) [M—CH;], 249 (1) [M—(CH,),], 192 (17)

uracil (3) 256 (35) [M1, 241 (100) [M—CH,], 225 (15) [M—CH;—CH,], 182 (7) [M—Si(CH,);—H,], 142 (70), 113 (55)

cytosine' (4) 255 (49) [M1, 254 (100) [M—H], 240 (72) [M—CHs], 182 (5) [M—HSi(CH,);]

isocytosine!® (5) 327 (18) [M1, 312 (100) [M—CH;], 282 (9) [M—(CHs);], 255 (6) [M—Si(CH,)5], 240 (7) [M—HSi(CH,);—CH,], 183 (2)
[M—2x Si(CH5),]

guanine (6) 367 (100) [M], 352 [M—CH;,], 294 [M—HSi(CH,),]

4(3H)-pyrimidinone™ (7) 168 (25) [M] 153 (100) [M—CH;], 123 (5) [M—(CH,);], 99 (100)

6-(OH)-2,4-DAP" (8) 270 (35) [M], 255 (100) [M—CH;]

2,4-DAP-5-COOH™ (9) 370 (11) M 355 (100) [M—CH;]

3,5-(NH,)-1,2,4 triazole!” (10) 243 (65) [M] 230 (100) [M—CH;]

hypoxanthine (12) 280 (30) [M—Si(CH;);] 265 (100) [M—Si(CH,);—CH;]
pyruvic acid" (13) 160 (10) [M], 145 (7) [M—CH;], 88 (14) [M—Si(CH,),], 71 (12) [M—Si(CH;);—
lactic acid" (14) 219 (6) [M—CH;], 190 (14) [M—CO,], 147 (71) [M—Si(CH5);—
oxalic acid (15) 219 (3) [M—CH,], 189 (5) [M—(CH,);], 147 (78) [M—Si(CH,);—
16) [M CH,], 173 (5) [M—HOSIi(CH,);], 147 (100), 73 (80)
oxaloacetic acid (17) 346 (10) [M], 333 (100) [M—CH;]
parabanic acid (18) 258 (15) [M], 243 (35) [M—CH,], 215 [M—2x CH,], 100 (100), 73 (23)

160 (38) [M CH,], 147 (5) [M—CO], 131 (22) [M—CONH,], 102 (11) [M—Si(CH5),], 73 (100)
1) [M1, 132 (28) [M—CH,], 88 (9), 73 (100)
) , 190 (6), 147 (13), 116 (100) [M—HOSI(CH,),—
188 (11) M—CH.], 173 (10) IM—2xCH,], 171 (100), 73 (33)
204 (7) [M1, 189 (73) [M—CH3], 147 (100), 73 (35)
) —HCNI, 138 (3) [M—NHSi(CH5);—
)

OH], 43 (100) [M—HSi(CH,);—CO,]
CH;], 133 (7), 117 (76) [M—Si(CH;);—(CH;)3]

CH,], 117 (1) [M—Si(CH,);—3 x CH,], 73 (100)

C0], 73 (60)

HCNJ, 73 (100) [Si(CHs),]

analyzed as the tris-silyl derivative.

[a] Mass spectroscopy was performed by using a GC-MS. Samples were analyzed after treatment with N,N-bis-trimethylsilyl trifluoroacetamide and pyridine.
The peak abundance is reported in parentheses. [b] Product analyzed as the monosilyl derivative. [c] Product analyzed as the bis-silyl derivative. [d] Product

Chem. Eur. J. 2018, 24, 81268132 www.chemeurj.org

8131

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

organic material and the gel by using a Bichner funnel (washing
with (500 pL) of formamide and recovering the liquid phase);
¢) high vacuum distillation of the liquid phase to obtain a crude
(SiO, + reaction products); d) direct analysis of the reaction prod-
ucts by silylation of the crude. The crude was analyzed by gas
chromatography associated with mass spectrometry (GC-MS) after
treatment with N,N-bis-trimethylsilyl trifluoroacetamide in pyridine
(620 pL) at 60°C for 4 h in the presence of oleic acid as the internal
standard (0.2 mg). Mass spectrometry was performed through the
following program: injection temperature 280 °C, detector temper-
ature 280°C, gradient 100°C for 2 min, and 10°Cmin~" for 60 min.
To identify the structure of the products, two strategies were fol-
lowed. First, the spectra were compared with commercially avail-
able electron mass spectra libraries such as NIST (Fison, Manches-
ter, UK). Second, GC-MS analysis was repeated with standard com-
pounds. All products have been recognized with a similarity index
(SI) greater than 98% compared with that of the reference stand-
ards. The analysis was limited to products of >1ngmL™', and the
yield was calculated as milligrams of isolated products. Mass-to-
charge ratio (m/z) values and the abundance of mass spectra
peaks of compounds 2-25 are reported in Table 2.
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